We have cloned and sequenced the complete genome of a strain of poliovirus type 3 (23127) isolated during an outbreak of poliomyelitis in Finland. The genome is 7435 nucleotides long excluding the 3' poly(A) stretch and is 95.5 ~ homologous at the amino acid level to the previously sequenced type 3 strain, P3/Leon/37. The most striking feature of the presented sequence is the extent of amino acid substitutions relative to P3/Leon/37 and other type 3 strains in areas of known antigenic importance. The major antigenic determinant for virus neutralization (site 1), located at residues 89 to 100 of VP1, has three amino acid substitutions and there are six substitutions in site 3, a composite site made up of sequences from VP 1 and VP3. The variation in these regions probably accounts for the observed unusual antigenicity and may explain why the virus was able to spread in a well-vaccinated community. Sequence comparisons imply that the virus is not derived from the currently used live attenuated vaccine.
INTRODUCTION
Paralytic poliomyelitis has been largely eliminated from developed countries through the use of effective vaccines against the causative agents, the three poliovirus serotypes. However, in late 1984 there was an outbreak of the disease in Finland, a country where inactivated poliovirus vaccines have been used successfully for about 25 years and where the vaccine acceptance rate is in excess of 97~ (Weekly Epidemiological Record, 1985; Lapinlemu & Stenvik, 1981) . Nine paralytic cases occurred, each associated with infection by a poliovirus designated type 3. However, further serological characterization revealed that the viruses isolated during the outbreak were antigenically unusual in their response to both polyclonal and monoclonal antisera raised against the other type 3 strains. This may have contributed to the ability to spread in a well-vaccinated community (Magrath et aL, 1986) . The antigenic properties were partly explained by mutations detected in a region of the poliovirus capsid known to play a major role in virus neutralization (Evans et al., 1983) . This finding is surprising because wild strains of poliovirus are usually highly conserved in this region (Ferguson et al., 1985) .
Poliovirus is a member of the picornaviridae family and has a positive-sense, single-stranded RNA genome of approximately 7500 nucleotides, enclosed within a protein capsid made up of 60 copies of each of four proteins, VP1 to VP4. The Y-most 740 nucleotides of the genome are presumed to be non-translated and an AUG located after this region initiates the synthesis of a long polyprotein which is cleaved by virus proteases to generate all the known virus proteins. As part of our research on poliovirus antigenicity and the molecular relationship between picornaviruses, we have determined the complete nucleotide sequence of a strain of the virus responsible for the Finnish outbreak. The sequence presented here shows that the regions of the poliovirus capsid known to be antigenically important exhibit marked differences from the 0000-7209 O 1986 SGM previously sequenced poliovirus type 3 strains and this is consistent with the unusual antigenicity. In addition, the sequence gives an indication of the degree of molecular heterogeneity within a poliovirus serotype.
METHODS
Virus strain. The virus under study (strain 23127) was isolated during the outbreak from an asymptomatic individual who was a close relative of a victim of paralytic poliomyelitis.
Molecular cloning and nucleotide sequencing. Purified viral RNA (5 p-g) was reverse-transcribed and cloned into Escherichia coli JA221 by the cDNA :RNA hybrid method (Cann et al., 1983; Stanway et al., 1984a ) using pBR322 as the vector. Of the recombinants obtained, 800 were analysed by hybridization using portions of the previously cloned poliovirus type 3 genome as probes (Cannet al., 1983) . A set of five overlapping subgenomic clones were selected which together spanned the genome (data not shown). The cDNA inserts were sequenced by the dideoxynucleotide method after generation of random fragments and cloning into M I3 rap8 as previously described (Stanway et al., 1984b) . This methodology generated the majority of the sequence data while residual, small stretches were sequenced after cloning AluI or Sau3AI fragments into M13 mp8 digested with SmaI or BamHI respectively. Approximately 80~ of the sequence was obtained in both orientations and all regions were sequenced at least twice. Sequence data were assembled and analysed using published computer programs (Staden, 1980) .
RESULTS AND DISCUSSION
The complete nucleotide sequence and predicted amino acid sequence of strain 23127 are shown in Fig. 1 . The genome comprises a 5' non-coding region of 746 nucleotides, a single open reading frame of 6618 nucleotides (2206 codons), a short 3' non-coding region of 71 nucleotides and a poly(A) tract. Sequence comparisons indicate that strain 23127 is highly homologous to the representatives of each of the three poliovirus serotypes sequenced to date. These are the type 1 strain P1/Mahoney (Kitamura et al., 1981) and type 3 strain P3/Leon/37 (Stanway et al., 1984b) , which are wild-type strains, and the Sabin type 2 vaccine strain P2/P712, Ch, 2ab (Toyoda et al., 1984) . The amino acid homologies between the individual proteins of strain 23127 and these viruses are shown in Table 1 . Overall, in confirmation of the serotyping, 23127 most closely resembles P3/Leon/37. This is particularly evident in the capsid proteins where the level of homology ranges from 91.7~ in VP1 to 100~o in VP4. The corresponding figures for the VP1 proteins of the type 1 and type 2 strains are only 71.3~ and 73.7~ respectively. Taking the genome as a whole there is 95.5~ amino acid homology and 80.7~ nucleotide homology to P3/Leon/37. Given the immunological relationship between strain 23127 and P3/Leon/37, the degree of nucleotide sequence divergence is quite high. This is consistent with the generally accepted view of the high mutability of an RNA genome (for review, see Domingo et al., 1985) . Although strain 23127 is more closely related to P3/Leon/37 than it is to the type 1 and type 2 strains, the pattern of homology is not that which might be expected from previous comparisons between poliovirus strains. In particular, the 5' untranslated region and the non-structural proteins show an unexpectedly high degree of difference to P3/Leon/37. A comparison between the 5' untranslated regions of strain 23127 and the three poliovirus serotypes is presented diagrammatically in Fig. 2 and the degree of homology is shown in Table 2 . This region is often highly conserved among related picornaviruses (Stanway et al., 1983 (Stanway et al., , 1984c Toyoda et al., 1984) and this is also true for strain 23127 and the other polioviruses. The conservation is of the order of 85 ~ in each case. The 100 nucleotides prior to the AUG which initiates the long open reading frame are highly variable between poliovirus serotypes and if this region is ignored the sequence conservation is around 90~. In contrast to the results seen for the capsid proteins, the 5' noncoding region of strain 23127 is not obviously more similar to the type 3 strain in terms of overall homology. Indeed, it is slightly more similar to P 1/Mahoney (Table 2 ). This is due largely to two particular stretches of nucleotides (positions 122 to 187 and 473 to 508) where strain 23127 is strikingly similar to P1/Mahoney. In the former case there is perfect conservation of 66 nucleotides between these viruses while P3/Leon/37 differs at 13 positions. There is only one difference to P2/P712, Ch, 2ab in the same area. In the stretch of nucleotides from positions 473 to 508 there are only three differences between strain 23127 and P1/Mahoney while there are 14 differences between the type 3 strains. P2/P712, Ch, 2ab differs at 11 positions in this area. Strain 23127 is most similar to P3/Leon/37 outside these regions (Table 2) . In view of the demonstration that polioviruses can undergo recombination in man (Kew & Nottay, 1985; Minor et al., 1986a) , a possible explanation for this pattern of homology is that strain 23127 is a recombinant in which the 5' untranslated region has been derived from a type 1 strain. This is, however, unlikely given that the type 1-specific regions are flanked by regions where strain 23127 is more homologous to P3/Leon/37. Thus, several recombination events would need to have taken place to generate the final virus. An alternative explanation is that the Finnish strain is closer to the poliovirus type 3 progenitor strain than is P3/Leon/37 and that the latter strain has accumulated several additional mutations in these areas since its divergence. The obvious implication of this is that strain 23127 is not on a direct genetic lineage from P3/Leon/37. Since the type 3 vaccine strain used throughout much of the western world was produced from P3/Leon/37 and differs at only 10 nucleotide positions (Stanway et al., 1984b) , these results argue that the virus is not vaccine-derived. It is presumably a wild strain which has circulated independently.
In contrast to the 5' non-coding region, the 3' non-coding region of strain 23127 sheds little light on the origin of the strain and its relationship to the other polioviruses. This region is highly homologous between the other sequenced polioviruses and this is also observed with strain 23127. There is just one nucleotide difference from the type 1 and type 3 strains and two from the type 2 strain. The open reading frame is terminated by two stop codons in tandem in each of the polioviruses sequenced to date. Interestingly, the single nucleotide substitution in the 3' noncoding region of strain 23127 destroys the second of these stop codons, indicating that this is not required for the viability of the virus.
In addition to the 5' non-coding region, the other seemingly anomalous aspect of the presented sequence is the degree of homology in the non-structural proteins. These are highly conserved between the poliovirus type 1 to 3 strains sequenced to date, as might be expected of proteins which perform the same function remote from the immunological pressures upon the capsid proteins. The capsid proteins of strain 23127 are most similar to P3/Leon/37 and presumably in evolutionary terms these two viruses are closely related. It might therefore be expected that their non-structural proteins would be particularly similar. However, this is not the case since strain 23127 shows approximately the same number of amino acid differences from each of the three 1900 1910 1920 1930 1940 1950 1960 1970 1980 •AAT  2170  2180  2190  2200  2210  2220  2230 2240 2250 CCTCATGTACGATGGTTGTACCGTGGATCAGCAATGTGAcATACAGACAGACTACACAGGACAGTTTTACTGAAGGGGGATACATCAGcA  2260  2270  2280  2290  2300  2310  2320  2330 2340 TGTTCTATCAAACCAGAATTGTGGTTCcTTTATCAACCCCAAAGG~GATGGACATGTTGGGGTTTGTTTCAGCGTGcAAcGATTTCAGTG  2350  2360  2370  2380  2390  2400  2410  2420 CAGATATTAGAGACCTTTATGCATATGAGGAAGAAGCCATGGAGCAGGGCATTTCCAGCTACGTTGAGTCC•TTGGAGCAGCATTTGGAA  3790  3800  3810  3820  3830  3840  3850 3860 3870 GCGGGTTCACCCAGCAAATCGGGGATAAAATTATTGAGCTAACCGGCATGGTCACCAGCACTATAACCGAAAAACTATTGAAGAACTTAA  3880  3890  3900  3910  3920  3930  3940 3950 3960 3970  3980  3990  4000  4010  4020  4030  4040  4050  ) TGTCTCCTTGGCAGTGGcTCAAAAAGAAAGCTTGTGATA~ACTAGAAATCCCATACGTCATGCGCCAGGGTGACAGCTGGTTGAAGAAGT  4060  4070  4080  4090  4100  4110  4120  4130 4140 AC CCAAGATTCAAAACGGGTTTTGAGGAAGCCATTTTTTCTAAATATG TGGGCAACAAGATTACAGAAGTGGAIGAATATATGAAGGAAG  6130  6140  6150  6160  6170  6180  6190  6200 6210 CAGTGGATCATTATGCTGGCCAGCTCATGTCATTGGATATTAACACTGAGCAAATGTGCCTTGAGGATGCCATGTACGGTACTGATGGTT  6220  6230  6240  6250  6260  6270  6280  6290 6300 TGGAAG CAC TAGATC TCAGCACAAGCGCGGGGTACCCATATGTTACCATGGGAAAGAAAAAGAG AGACATCCTAAACAAACAAACTAGAG   v   6310  6320  6330  6340  6350  6360  6370 6380 6390 TGGACACATACGGAATTAAC CTTCCGC TAGTCACTTATGTGAAAGATGAACTAAGATCTAAGACCA  6400  6410  6420  6430  6440  6450  6460  6470 6480 AAG TGGAACAGGGAAAATCCAGGCTGATTGAAGCATCCAGTTTAAATGAC TCTGTGGCAATGAGAATGGCGTTTGGTAACTTATACGCTG  6490  6500  6510  6520  6530  6540  6550  6560 6570 AC TTAGATCATCTAAAGATGATTGCCTATG GTGATGATGTAATTGCATCC TACCCCCATGAGGTTGACGCTAGTCTCCTAGCCCAATCAG  6940  6950  6960  6970  6980  6990  7000  7010 7020 TATGGATTAACCATGACACCAGCTGATAAG TCAGCCACATTTGAAACTGTCACATGGGAGAATGTAACCTTTTTGAAAAGAT  7030  7040  7050  7060  7070  7080  7090 7100 7110 7120  7130  7140  7160  7160  7170  7180  7190 7200 7210  7220  7230  7240  7250  7260  7270  7280 7290 •TCA  7300  7310  7320  7330  7340  7350  7360  7370 poliovirus serotypes in this region (Table 1) . Furthermore, differences in the non-structural region account for virtually half the coding differences between the two type 3 strains. There are at least two explanations for these surprising observations. Again it could be thought that strain 23127 is a recombinant, this time between a type 3 strain and an unknown enterovirus which has donated the region corresponding to the non-structural proteins. Alternatively there may be a number of positions in the sequences of the non-structural proteins which are highly tolerant of amino acid substitutions, and with the high mutability of the RNA genome differences quickly accumulated even between the otherwise closely related P3/Leon/37 and strain 23127. the 49 amino acid differences in the non-structural region, at 17 positions the Finnish strain has the same sequence as both the type 1 and the type 2 strains. This seems to imply that at these positions mutations have occurred in the P3/Leon/37 lineage since its divergence from the lineage which eventually produced strain 23127. This again suggests that strain 23127 is not descended from P3/Leon/37 or from the vaccine strain P3/Leon 12alb. In the capsid proteins, the relationship between strain 23127 and the previously sequenced strains of poliovirus is clearer than in other areas of the genome. Here, there are 50 amino acid differences from P3/Leon/37, which is only about one-third of the differences from P 1/Mahoney and P2/P712, Ch, 2ab and the amino acid homologies are much greater within each of the individual proteins (Table 1 ). In addition, there is a very clear relationship to P3/Leon/37 in regions where there is hypervariability between the three previously sequenced strains such as the antigenic sites and the N terminus of VP 1. This accounts for the serotyping of 23127 and the other Finnish strains as type 3 polioviruses. Variations between the type 3 strains seem to be scattered throughout the capsid proteins, with the exception of VP4 where there are no amino acid differences. This may be due to the fact that VP4 is apparently not exposed on the surface of the virus particle and is therefore not subject to immunological pressure (Hogle et al., 1985) . When the differences were plotted on the recently derived three-dimensional structure of P1/Mahoney (Hogle et al., 1985) , the great majority were found to be in loops and other elaborations outside the fl-barrel core structure of the three major capsid proteins, VP 1 to VP3 (data not shown). This is consistent with the #-barrel structure being of central importance in determining the morphology of the capsid. Another feature of the sequence comparison with P3/Leon/37 is the concentration of amino acid differences in the N-terminal region of VP 1. This part of the protein lies within the interior of the virus particle and therefore cannot be involved in the antigenicity of the virus. However, it is highly variable between the known polioviruses and is possibly flexible in terms of conformation since its structure is not observable by X-ray crystallography (Hogle et al., 1985) . This possibly explains why a number of amino acid differences have been able to accumulate between the two type 3 strains. (Minor et al., 1986b) are enclosed in parentheses.
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Extensive analysis of the antigenicity of polioviruses in the past has revealed the presence of several regions important in eliciting neutralizing antibodies (Evans et al., 1983; Minor et al., 1986b) . The Finnish strain shows amino acid sequence differences from P3/Leon/37 in many of these regions (Table 3) . As already observed (Magrath et al., 1986) , the major antigenic site for poliovirus neutralization, termed site 1 and located at positions 89 to 100 in VP1, contains three amino acid substitutions in strain 23127. Our results show that there are also drastic differences in a composite antigenic site (site 3; Minor et al., 1986b) , made up of amino acids 286 to 290 of VP1 and several amino acids from VP3 (positions 58 to 60, 70, 71, 77, 79) . Strain 23127 shows six amino acid substitutions relative to P3/Leon/37 in this antigenic site. These are at positions 286, 287 and 289 of VP1 and positions 59, 71 and 77 of VP3. In addition, position 80 of VP3 is different. While this residue has not previously been included in the antigenic site, its close proximity suggests that a mutation here may also affect antigenicity. Overall, more than half the residues known to be involved in this antigenic site are different from those of P3/Leon/37. It would therefore be expected that this site would not be recognized by antibodies directed against the corresponding site in P3/Leon/37. In type 3 poliovirus, this antigenic region is far less immunodominant than site 1 (Minor et al., 1986b ) but these differences must contribute, to some extent, to the distinctive overall antigenicity of strain 23127. Interestingly, two of the different amino acids (positions 286 and 287 of VP1) are identical to the corresponding amino acids of P1/Mahoney and P2/P712, Ch, 2ab. It is possible that this is a similar situation to that of the homology in the non-coding region described above which suggested that strain 23127 is closer to a type 3 progenitor than is P3/Leon/37. The observation adds further weight to the idea that strain 23127 is not on a direct lineage from P3/Leon/37 and that it is not vaccine-derived. The homologous two amino acids are followed by an amino acid insertion in P 1/Mahoney relative to both of the type 3 strains and to P2/P712, Ch, 2ab. The insertion event presumably occurred after the divergence of the poliovirus serotypes. The other antigenic site identified on the poliovirus capsid, site 2, is also composite and is made up of amino acids 220 to 222 of VP1 and, in poliovirus type 3, residues 164 to 172 of VP2 (Minor et al., 1986 b) . Surprisingly, these regions are highly conserved in strain 23127, the single amino acid difference from P3/Leon/37 being located at position 164 of VP2. Although the VP1 component of this site is identical in the two type 3 strains, two changes are seen flanking the region (at positions 217 and 223) and these may affect the antigenicity. However, substitutions in this antigenic site would seem to play less of a role in the overall antigenic differences than substitutions in site 1 and site 3. Taken together, these amino acid substitutions in the three areas of known antigenic importance are consistent with the unusual antigenicity of the virus and probably contributed to its ability to spread in a well-vaccinated community.
Finally, there is some suggestion that the virus drifted antigenically during the outbreak since some of the viruses isolated show only one or two amino acid differences to P3/Leon/37 in the region of the major antigenic site, rather than the three seen in strain 23127 (Magrath et al., 1986) . It would be interesting to analyse antigenic sites 2 and 3 of these isolates, to monitor the extent of drift there. If such drift has occurred over the relatively short period of the outbreak it would indicate that the poliovirus capsid is able to accommodate relatively readily the amino acid differences required. It is thus surprising that to date only three poliovirus serotypes have been identified and that wild strains are usually conserved antigenically. It remains to be seen whether the circulating viruses will continue to diverge and whether ultimately a new poliovirus serotype will emerge. This would have important implications for the future requirements for poliovirus vaccines. This work was supported by the Medical Research Council, grant number G83242556CB.
